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013.04.0Abstract The current study presents a modiﬁed method to reduce the scour depth in front of the
bridge piers. The idea of this method is based on reducing the stagnation of the ﬂow and vortex
formation in front of the pier. Therefore, the pressure difference around the pier is used for driving
the ﬂow through an arrangement of openings in front and connected to the openings along the
pier’s side. A test program was planned using an experimental ﬂume at the Hydraulics Research
Institute (HRI) and three hundred thirty six runs were conducted. Three different pier shapes, cir-
cular, square, and rectangular, provided with different openings arrangement and vertical spacing
are tested. This method showed that the scour depth is reduced by 45% and also the volume of the
scoured material is decreased up to 64%. These results were obtained using opening diameter of
20% of the pier width (w) and vertical spacing equals the pier width (w). Also, a dimensionless
regression equation was developed based on the obtained results. These ﬁndings when implemented
in the ﬁeld can easily safeguard the bridge piers and dramatically reduce the maintenance efforts
and costs as well as improve the hydraulic performance of the water structure.
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University.1. Introduction
Scour in front of and around bridge piers is very harming to
the hydraulic structure itself and cause a lot of hydraulic prob-
lems. Therefore, research community is always urged to ﬁnd
scientiﬁc solutions toward minimizing this scour as well as its89539.
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01dramatic impacts of the water structures. The ﬂow ﬁeld around
bridge piers Fig. 1, embedded vertically in an erodible bed, is a
complex phenomenon, and the complexity is aggravated with
the development of the scour hole. As the pier blocks a uni-
form ﬂow, the approaching ﬂow velocity decreases from the
free surface downward to zero at the bed. The stagnation pres-
sure, qU2/2, where q is the ﬂow density and U is the far ﬁeld
velocity, will also decrease in the vertical plane of symmetry.
This downward pressure gradient drives the downward ﬂow.
According to Melville [1], the downward ﬂow acts as a vertical
jet in eroding the bed. Also, he reported that the downward
ﬂow is the initial cause of the scour and the horseshoe vortex
is a consequence of the scour and not the cause of it where it
is initially small and weak.aculty of Engineering, Alexandria University.
Nomenclature
ds scour depth
D pier diameter
D50 geometric mean size of sand
d opening diameter
F Froude number Uﬃﬃﬃﬃ
gh
p
 
h ﬂow depth
ORD opening relative diameter which is equal to open-
ing diameter/pier width (d/w or D)
q1 dynamic head
ps pressure at the pier surface
RSD relative scour depth which is equal to maximum
scour depth /ﬂow depth (ds/h)
r, h cylindrical polar coordinates
SP vertical spacing
SRD relative vertical spacing vertical spacing distsncepier width or diameter
 
(sp/w
or D)
U far ﬁeld velocity
Vr,h velocity in polar coordinates
w pier width or diameter
q density of water
U angle of repose of the bed material
468 E.A.S. EL-GhorabThe horseshoes vortex pushes the downward ﬂow velocity
within the scour hole closer to the pier [4]. Several devices have
been tested which would reduce scour at bridge piers or inhibit
its development. These devices depend on the following:
– Prevent formation or reduce effectiveness of horseshoe
vortex.
– Develop circulatory ﬂow near the bed in the direction oppo-
site to that of the horseshoe vortex to reduce its effect.
– Provide device on the upstream side of the pier which will
move material from this side and deposit it in the scour hole
of the pier.
– Provide armor layer of adequate thickness and appropriate
size distribution which would inhibit scour.
2. Pier modiﬁcation
Toward reducing the effect of the downward ﬂow and the vor-
tex formation, [5] proposed speciﬁc technique that depends on
reducing the ﬂow stagnation in front of the pier using an open-
ing of diameter equal to 10% of the pier width in the front sideSurface roller
Downflow 
Wake verities 
Horeshoe vortex 
Figure 1 Illustration of the ﬂow and scour pattern at a circular
pier [7].of the pier connected through the pier with two or three open-
ings at the other pier sides. The ﬂow would pass through these
openings using the pressure difference around the pier sides.
This pressure difference attracts the ﬂow to pass through the
front opening to the side openings through the tubing system
connecting the openings. This ﬂow helps releasing the stagna-
tion of the ﬂow in front of the pier as well as reducing the
downward ﬂow velocity component. Thereafter [6] tested a
pier with a slot in the ﬂow direction as shown in Fig. 2 and
commented that it can reduce the scour depth with 15–30%.
Following the same line of [5,8] proved that, for circular pier,
the best alignment for the openings is one in the front and con-
nected to the two other openings one on each side of the pier in
the same level. Achieving reduction of the effect of the down-
ward ﬂow and the vortex formation, Garde and Kothyari [6],
and Masjedi [9] recommended several methods as follows:
 Streamlining the piers can reduce the scour depth with
about 10–20%.
 Construct barriers upstream of the bridge piers that consist
of a number of piles.
 Circular collar with 3b to 6b in diameter is placed around
the circular pier while its location above the bed is 0.2D
which reduces the scour depth with 20–55%, Fig. 2.
3. Problem statement
Initiated by the urgent needs to reduce the scour holes in front
of bridge piers and its drastic impacts, the current study is
adopting Motaleb’s method, 1997 and developing a compre-
hensive experimental program to investigate profoundly the ef-
fect of this openings technique using several opening sizes
10%, 15%, and 20% of the pier width (w) on the scour char-
acteristics. In addition, different vertical spacing between
openings of 0.5, 1, and 1.5 of the pier width (w) has been
tested. On the other hand, three types of pier shapes, circular,
square, and rectangular and different ﬂow discharge, are also
tested.
4. Theoretical approach
The theoretical analysis of the adopted approach is presented
in Fig. 3. This Figure shows that the pressure distribution
Figure 2 Methods to reduce the scour depth around bridge pier [6].
Figure 3 Frictional ﬂow and pressure distribution around a cylinder ([2].
Figure 4 Experimental ﬂume layout.
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Figure 5 Different pier shapes and opening arrangement.
Table 1 Experimental test program.
Case Pier shape
x-sec. (type)
Pier dimensions
W · L (m · m)
Q m3/s Froude
number (F)
Flume
width (m)
Flow
depth (m)
Opening diameter Spacing
1 Square 0.1 · 0.1 0.04 0.28, 0.16 0.5 0.2, 0.3 10%w, 15%w, 20%w 0.5w, w, 1.5w
0.05 · 0.5 0.06 0.42, 0.23
2 Rectangular 0.2 · 0.1 0.08 0.56, 0.31
0.1 · 0.05
3 Circular 0.05
0.1
Note: w= pier width.
L= pier length.
470 E.A.S. EL-Ghorabaround a cylinder is positive in the front of the nose and neg-
ative at both sides [2].
In the new method, ﬂow will pass from the front openings
to the side openings, by means of the pressure difference be-
tween these two openings. This pressure can be calculated from
Bernoulli’s equation and the ﬂow velocity equation for a circu-
lar cylinder in polar coordinates [3] as follows:Ps þ 1
2
qV2 ¼ const ð1Þ
Vr ¼ U 1þ R
2
r2
 
cos h ð2Þ
Vh ¼ U 1þ R
2
r2
 
sin h ð3Þwhere U is the stream velocity, R is the radius of the cylinder, r,
h are cylindrical polar coordinates, Ps is the pressure at the sur-
face of the pier, and q is the ﬂuid density. At the surface of the
cylinder, r= R where the velocities are Vr = 0 and Vh = 2U
sin h. Therefore, the pressure value will be as follow:
Ps þ 2qU2 sin2 h ¼ const: ð4Þ
So the pressure difference between the front opening (h= 0)
and the two side openings (h= 90) is as follow:
Ps0  Ps90 ¼ 2qU2ðsin2 90 sin2 0Þ ¼ 2qU2 ð5Þ
This mathematical expression supports in developing the
investigated opening approach which is based on the principle
of the pressure difference between the front and the sides of the
pier. This pressure difference will force the ﬂow to pass
Table 2 Maximum scour depth for different pier shapes without opening.
Pier shape x-sec.(type) Dimensions (m) Q (m3/s) Max. scour depth at
ﬂow depth = 0.2 m
Max. scour depth at
ﬂow depth = 0.3m
Square 0.1 · 0.1 0.04 0.101 0.08
0.05 · 0.05 0.07 0.05
0.1 · 0.1 0.06 0.15 0.156
0.05 · 0.05 0.115 0.09
0.1 · 0.1 0.08 0.20 0.175
0.05 · 0.05 0.18 0.163
Rectangle 0.2 · 0.1 0.04 0.131 0.108
0.1 · 0.05 0.11 0.09
0.2 · 0.1 0.06 0.17 0.10
0.1 · 0.05 0.145 0.116
0.2 · 0.1 0.08 0.252 0.201
0.1 · 0.05 0.232 0.197
Circular 0.1 0.04 0.078 0.056
0.05 0.045 0.036
0.1 0.06 0.126 0.098
0.05 0.091 0.069
0.1 0.08 0.159 0.141
0.05 0.142 0.128
Figure 6 Relative scour depth verses opening relative diameter
for ﬂow discharge of 0.04 m3/s, 0.2 m ﬂow depth and 0.05 m pier
width. Note: w= pier width; Sp = spacing between openings;
RSD ¼ Relative scour depth scour depth
flow depth
 
; ORD ¼ opening relative
diameter opening diameter
pier width or diameter
 
.
Figure 7 Relative scour depth verses opening relative diameter
for ﬂow discharge of 0.04 m3/s, 0.3 m ﬂow depth and 0.05 m pier
width. Note: w= pier width; Sp = spacing between openings;
RSD ¼ Relative scour depth scour depth
flow depth
 
; ORD ¼ opening relative
diameter opening diameter
pier width or diameter
 
.
Reduction of scour around bridge piers 471through the proposed openings which will work as a vortex
reducer.
5. Experimental program characteristics
A series of laboratory experiments were performed using a
16.1 m long, 0.5 m wide, and 0.65 m deep laboratory ﬂume,
Fig. 4. One size of sand with D50 (Geometric mean size of
sand) equal to 0.23 mm was used. A layer of sand bed of thick-
ness 0.3 m was placed in the ﬂume. The ﬂow discharge was
measured using an electro-magnetic ﬂow meter. The bed levels
were measured using a point gauge mounted on a leveled car-
riage. Using an electro-magnetic current meter, the ﬂow veloc-
ity was measured.Three piers shapes were tested. These shapes are ﬁrst, rect-
angular with blunt nose and with two different dimensions
0.1 m · 0.05 m and 0.2 m · 0.1 m, a square with two different
side length of 0.05 m and 0.1 m, and circular with two diame-
ters 0.05 m and 0.1 m.
An opening arrangement was designed through the piers
horizontal plane directions and repeated in the vertical direc-
tion. Openings of a diameter (d) equal to 10%, 15%, and
20% of the pier width (w) were tested, Fig. 5. Three openings
at the same level, one in the middle of the front nose side and
one at each side face of the pier. The openings are connected to
each other. The side opening is located at a distance of 30% of
the width of the pier measured from the front side of the pier.
Three vertical distances between each two openings in the ver-
tical direction were tested. These are 0.5, 1.0, and 1.5 of the
Figure 8 Relative scour depth verses opening relative diameter
for ﬂow discharge of 0.06 m3/s, 0.2 m ﬂow depth and 0.05 m pier
width. Note: w= pier width; Sp = spacing between openings;
RSD ¼ Relative scour depth scour depth
flow depth
 
; ORD ¼ opening relative
diameter opening diameter
pier width or diameter
 
.
Figure 9 Relative scour depth verses opening relative diameter
for ﬂow discharge of 0.06 m3/s, 0.3 m ﬂow depth and 0.05 m pier
width. Note: w= pier width; Sp = spacing between openings;
RSD ¼ Relative scour depth scour depth
flow depth
 
; ORD ¼ opening relative
diameter opening diameter
pier width or diameter
 
.
Figure 10 Relative scour depth verses opening relative diameter
for ﬂow discharge of 0.08 m3/s, 0.2 m ﬂow depth and 0.05 m pier
width. Note: w= pier width; Sp = spacing between openings;
RSD ¼ Relative scour depth scour depth
flow depth
 
; ORD ¼ opening relative
diameter opening diameter
pier width or diameter
 
.
Figure 11 Relative scour depth verses opening relative diameter
for ﬂow discharge of 0.08 m3/s, 0.3 m ﬂow depth and 0.05 m pier
width. Note: w= pier width; Sp = spacing between openings;
RSD ¼ Relative scour depth scour depth
flow depth
 
; ORD ¼ opening relative
diameter opening diameter
pier width or diameter
 
.
472 E.A.S. EL-Ghorabpier’s width (w). All openings’ arrangements in the vertical
direction for all piers’ shapes start with a distance of the pier
width above the mean bed level up to the normal water surface
as shown in Fig. 5.
Three ﬂow discharges (Q) of 0.04, 0.06 and 0.08 m3/s and
two ﬂow depths (h) of 0.2 m and 0.3 m were used as shown
in Table 1. Froude number (F) during these experiments varied
between 0.16 and 0.56. During the time of experimental work,
ﬂow depth was not varying widely as it was recommended in
the literature. Within the experimental program, several labo-
ratory experiments were executed for bridge piers without
openings to provide the full picture of the impacts and
improvement of different openings diameter (10%w, 15%w,20%w) as well as the different vertical spacing between open-
ings (0.5w, 1.0w, 1.5w) which exist in the piers on the scour
depth. The total number of the experimental runs was three
hundred and thirty six.
6. Experimental procedures
The pier was ﬁrst installed in the ﬂume at the desired location.
The different pier shapes as in Fig. 5 were tested in sequence.
Before each test, care was taken to level the sand bed through-
out the entire length of the ﬂume and particularly at the vicin-
ity of the pier using wooden screed that is of the same width as
Figure 12 Relative scour depth verses opening relative diameter
for ﬂow discharge of 0.04 m3/s, 0.2 m ﬂow depth and 0.1 m pier
width. Note: w= pier width; Sp = spacing between openings;
RSD ¼ Relative scour depth scour depth
flow depth
 
; ORD ¼ opening relative
diameter opening diameter
pier width or diameter
 
.
Figure 13 Relative scour depth verses opening relative diameter
for ﬂow discharge of 0.04 m3/s, 0.3 m ﬂow depth and 0.1 m pier
width. Note: w= pier width; Sp = spacing between openings;
RSD ¼ Relative scour depth scour depth
flow depth
 
; ORD ¼ opening relative
opening diameter
pier width or diameter
 
.
Figure 14 Relative scour depth verses opening relative diameter
for ﬂow discharge of 0.06 m3/s, 0.2 m ﬂow depth and 0.1 m pier
width. Note: w= pier width; Sp = spacing between openings;
RSD ¼ Relative scour depth scour depth
flow depth
 
; ORD ¼ opening relative
diameter opening diameter
pier width or diameter
 
.
Figure 15 Relative scour depth verses opening relative diameter
for ﬂow discharge of 0.06 m3/s, 0.3 m ﬂow depth and 0.1 m pier
width (w). Note: w= pier width; Sp = spacing between openings;
RSD ¼ Relative scour depth scour depth
flow depth
 
; ORD ¼ opening relative
diameter opening diameter
pier width or diameter
 
.
Reduction of scour around bridge piers 473the ﬂume. Thereafter, any uneven bed surface was leveled
using a hand trowel. By employing the point gauge, initial
bed elevations were taken randomly to check the leveling of
the ﬂume. To start the test, the ﬂume was slowly ﬁlled with
water to the desired ﬂow depth. The pump was then started,
and the tailgate was gradually opened and was adjusted so
as to maintain the desired ﬂow depth in the ﬂume. At the com-
pletion of each test, the pump was shut down to allow the
ﬂume to slowly drain without disturbing the scour topography.
The ﬂume bed was then allowed to dry, during which time
photos of the scour topography around the pier were taken
and the ﬁnal maximum scour depth was recorded as well as
the contours of the scour pattern using the point gauge.7. Results and analysis
Throughout the full activation of the pre-mentioned experi-
mental program, various analyses were carried out and per-
formed toward investigating the minimization of the scour
holes in front of the bridge piers simulated in an experimental
ﬂume. On the other hand, Table 2 shows the maximum scour
depths at different pier shapes and dimensions without open-
ings and different ﬂow characteristics. The maximum scour
depth for the square shaped pier without opening varied be-
tween 0.05 m and 0.2 m. However, the maximum scour depth
for the rectangle shaped pier without opening was varied be-
tween 0.09 m and 0.25 m. On the other hand, the circular pier’s
Figure 16 Relative scour depth verses opening relative diameter
for ﬂow discharge of 0.08 m3/s, 0.2 m ﬂow depth, and 0.1 m pier
width. Note: w= pier width; Sp = spacing between openings;
RSD ¼ Relative scour depth scour depth
flow depth
 
; ORD ¼ opening relative
diameter opening diameter
pier width or diameter
 
.
Figure 17 Relative scour depth verses opening relative diameter
for ﬂow discharge of 0.08 m3/s, 0.3 m ﬂow depth, and 0.1 m pier
width. Note: w= pier width; Sp = spacing between openings;
RSD ¼ Relative scour depth scour depth
flow depth
 
; ORD ¼ opening relative
diameter opening diameter
pier width or diameter
 
.
Discharge=80  L/s 
Depth = 30 cm 
Cylinder with diameter = 10 cm 
Opening diameter = 10% w 
Spacing between opening 0.5 w 
Figure 18 Picture of the scour and its contour pattern for the ru
diameter = 0.1 m, opening diameter = 10%w, and vertical spacing =
474 E.A.S. EL-Ghorabshape without opening has a maximum scour depth that ran-
ged between 0.045 m to almost 0.159 m.
The analyses of the results for the impacts of bridge piers
with openings can be categorized as follows:
7.1. Impacts of piers’ shapes, dimension, opening diameter, and
openings’ vertical spacing
This type of analysis was performed to investigate the impacts
of different piers’ shapes; square, rectangular, and circular as
well as the opening diameter (10%, 15%, and 20% of the pier
width (w)) on the scour characteristics. Figs. 6–17 and Table 2
show that the reduction of the maximum scour depth as a re-
sult of the different pier openings and vertical spacing arrange-
ment is ranged between 20% and 40% for circular, square, and
the rectangular shapes.
Figs. 6–17 show the relationship between the ratios (scour
depth/ﬂow depth), which is the Relative Scour Depth (RSD),
and (opening diameter/pier width or diameter), which is the
Opening Relative Diameter (ORD), at different vertical spac-
ing of (0.5, 1, and 1.5 of pier width (w)) and two ﬂow depths
(0.2 m and 0.3 m). Also, three ﬂow discharges have been tested
(0.04, 0.06, and 0.08 m3/s). The ﬁgures show that the RSD is
reduced by 17–25% as the ORD changed from 0.1 to 0.2 which
correspond to 10–20% of the pier width at different ﬂow dis-
charges. Regarding the circular pier, as the ﬂow discharges in-
creases from 0.04 m3/s to 0.08 m3/s which corresponding to
ﬂow velocity 0.267–0.8 m/s and ﬂow depth 0.2 m and 0.3 m
the impact of the openings on the RSD show a reduction of
the maximum scour depth by 45% which is higher than the
other two shapes. The measured data of scour depth corre-
sponding to Froud number less than 0.3, Table 1, gave a low
variation with different opening and different vertical spacing
between openings. However, for Froud number more than 0.3,
the variation of the scour depth relative to different opening is
high. Therefore, the variation of the scour depth is propor-
tional with the Froud number. The impact of the different
openings diameter along the pier’s width or diameter 0.1 m
has reduced the scour depth almost 45%. On the other hand,
if the pier’s width or diameter 0.05 m, the scour depth is re-
duced by 30%. That means that the impact of the opening is
high as the width or diameter of the pier is large which is veryn conditions (discharge = 0.08 m3/s, water depth = 0.3 m, pier
0.5w).
Figure 19 On the left, maximum scour contour pattern of run conditions (discharge = 0.08 m3/s, ﬂow depth = 0.3 m, diame-
ter = 0.1 m) without opening. On the right, the maximum scour contour pattern of the same run condition but with opening
diameter = 20%w and vertical spacing = 0.5w.
Figure 20 Relative scour depth verses relative vertical spacing
for the circular shape with 0.05 m diameter and 0.2 m ﬂow depth.
Note: w= pier width or diameter; OD= opening diameter;
RSD ¼ Relative scour depth scour depth
flow depth
 
; SRD ¼ relative vertical
spacing vertical spacing distance
pier width or diameter
 
.
Figure 21 Relative scour depth verses relative vertical spacing
for the circular shape with 0.05 m pier width and 0.3 m ﬂow depth.
Note: w= pier width or diameter; OD= opening diameter;
RSD ¼ Relative scour depth scour depth
flow depth
 
; SRD ¼ relative vertical
spacing vertical spacing distance
pier width or diameter
 
.
Reduction of scour around bridge piers 475suitable for the large structure across rivers. Figs. 6–17 show
that the opening diameter 20%w gave the maximum reduction
of 45% relative to the scour depth of pier without opening for
circular pier shape.
As a comparison between piers with openings and without
openings, the volume of the scoured material of the scour holes
of the piers with openings is reduced by a range from 43% to
64% compared with that of the pier without openings. The
maximum reduction occurred when using the circular piers
and the minimum one occurred with the rectangular pier.
Figs. 18 and 19 show the topography scour for circular pier
of a diameter equal 0.1 m without openings and the topogra-
phy of the scour for two cases of circular pier of a diameter
equal 0.1 m with opening diameter equal 10%w and 20%w
in case of vertical spacing 0.5w. The ﬂow characteristics ofthe three runs are the following: Q= 0.08 m3/s, the ﬂow
depth = 0.3 m, and Froude number (F) equal 0.31. The max-
imum scour depth for the pier without openings is 0.141 m,
and the volume of the scoured material is 0.024 m3. However,
as the openings are introduced, the volume of the scoured
material is reduced to 0.014 m3 for an opening diameter equal
to 10%w with a 41% reduction and to 0.009 m3 for an opening
diameter equals to 20%w with a 62% reduction.7.2. Impacts of openings’ vertical spacing and different ﬂow
discharges
This type of analysis was performed to address the impacts of
openings’ vertical spacing and different ﬂow discharges for
Figure 22 Relative scour depth verses relative vertical spacing
for the circular shape with 0.1 m pier width and 0.2 m ﬂow depth.
Note: w= pier width or diameter; OD= opening diameter;
RSD ¼ Relative scour depth scour depth
flow depth
 
; SRD ¼ relative vertical
spacing vertical spacing distance
pier width or diameter
 
.
Figure 23 Relative scour depth verses relative vertical spacing
for the circular shape with 0.1 m pier width and 0.3 m ﬂow depth.
Note: w= pier width or diameter; OD= opening diameter;
RSD ¼ Relative scour depth scour depth
flow depth
 
; SRD ¼ relative vertical
spacing vertical spacing distance
pier width or diameter
 
.
Figure 24 Relative scour depth verses relative vertical spacing
for the square shape with 0.05 m pier width and 0.2 m ﬂow depth.
Note: w= pier width or diameter; OD = opening diameter;
RSD ¼ Relative scour depth scour depth
flow depth
 
; SRD ¼ relative vertical
spacing vertical spacing distance
pier width or diameter
 
.
Figure 25 Relative scour depth verses relative vertical spacing
for the square shape with 0.05 m pier width and 0.3 m ﬂow depth.
Note: w= pier width or diameter; OD = opening diameter;
RSD ¼ Relative scour depth scour depth
flow depth
 
; SRD ¼ relative vertical
spacing vertical spacing distance
pier width or diameter
 
.
476 E.A.S. EL-Ghorabrectangular, circular, and square shapes on the scour charac-
teristics. Figs. 20–31 show the relationship between RSD and
vertical spacing relative distance (SRD= spacing distance/
width or diameter) for different pier shapes, width, ﬂow depth,
openings diameter, and ﬂow discharge. The ﬁgures show that
as the vertical spacing decrease from 1.5w to 0.5w, the change
in RSD has ranged from 10% to 25%. Also, it could be de-
tected from the ﬁgures that the vertical spacing value w and
0.5w between openings give better results than that for the
1.5w. The ﬁgures show the reduction of the RSD using SRD
of o.5w and w has given almost the same results. Therefore,
for both the maximum reduction of the scour depth and the
economic consideration, opening diameter of 20%w and verti-
cal spacing value w is the best combination.8. Regression equation development
Within the comprehensive analysis performed for the numer-
ous collected data from the previously mentioned experimental
program, regression analysis was performed to develop closed
form dimensionless empirical equation expressing the relation-
ship between the scour depth divided by the pier width pre-
sented as (Y) in one side as a function of a dimensionless
term (x) that includes Froud Number, pier width, opening
diameter, and opening spacing on the other side. As mentioned
previously, these data were collected from an experimental
program that included 108 experiments for each pier shape
with different openings and for the three investigated dis-
charges: 0.04, 0.06, and 0.08 m3/s. These 108 experiments were
for the two shapes, three openings diameters, and three spac-
ing intervals between openings, as mentioned earlier.
Figure 26 Relative scour depth verses relative vertical spacing
for the square shape with 0.1 m pier width and 0.2 m ﬂow depth.
Note: w= pier width or diameter; OD= opening diameter;
RSD ¼ Relative scour depth scour depth
flow depth
 
; SRD ¼ relative vertical
spacing vertical spacing distance
pier width or diameter
 
.
Figure 27 Relative scour depth verses relative vertical spacing
for the square shape with 0.1 m pier width and 0.3 m ﬂow depth.
Note: w= pier width or diameter; OD= opening diameter;
RSD ¼ Relative scour depth scour depth
flow depth
 
; SRD ¼ relative vertical
spacing vertical spacing distance
pier width or diameter
 
.
Figure 28 Relative scour depth verses relative vertical spacing for
the rectangular shape with 0.05 m pier width and 0.2 m ﬂow depth.
Note: w=pier width or diameter; OD= opening diameter;
RSD ¼ Relative scour depth scour depth
flow depth
 
; SRD ¼ relative vertical
spacing vertical spacing distance
pier width or diameter
 
.
Figure 29 Relative scour depth verses relative vertical spacing for
the rectangular shape with 0.05 m pier width and 0.3 m ﬂow depth.
Note: w=pier width or diameter; OD= opening diameter;
RSD ¼ Relative scour depth scour depth
flow depth
 
; SRD ¼ relative vertical
spacing vertical spacing distance
pier width or diameter
 
.
Reduction of scour around bridge piers 477These 108 experiments formed 18 cases with respect to all
different experiments’ parameter. Therefore, the entire analysis
produced 18 regression equations. In addition, an average cal-
culation was performed for the entire data set and average
dimensionless equations were developed as follows:
8.1. Square pier regression equation
Y ¼ aþ bxþ cx lnðxÞ þ dx2 þ e lnðxÞ=x2 ð6Þ
where Y is the dimensionless term represent (ds/w); x the
dimensionless term represent (F \ d \ SP/w2); a the 4157.27;
b the 1772.84; c the 797.02; d the 46.14; e is the 8632.72.8.2. Rectangular pier regression equation
Y ¼ aþ bxþ cx lnðxÞ þ dx2 þ e lnðxÞ=x2 ð7Þ
where Y is the dimensionless term represent (ds/w); x the
dimensionless term represent (F \ d \ SP/w2); a the 4234.54;
b the 1805.84; c the 811.74; d the 46.97; e is the 8794.61.
8.3. Circular pier regression equation
Y ¼ aþ bxþ cx lnðxÞ þ dx2 þ e lnðxÞ=x2 ð8Þ
where Y is the dimensionless term represent (ds/w); x the
dimensionless term represent (F \ d \ SP/w2); a the 4218.94;
b the 1798.56; c the 808.34; d the 46.76; e is the 8762.8.
Figure 30 Relative scour depth verses relative vertical spacing for
the rectangular shape with 0.1 m pier width and 0.2 m ﬂow depth.
Note: w=pier width or diameter; OD= opening diameter;
RSD ¼ Relative scour depth scour depth
flow depth
 
; SRD ¼ relative vertical
spacing vertical spacing distance
pier width or diameter
 
.
Figure 31 Relative scour depth verses relative vertical spacing for
the rectangular shape with 0.1 m pier width and 0.3 m ﬂow depth.
Note: w=pier width or diameter; OD= opening diameter;
RSD ¼ Relative scour depth scour depth
flow depth
 
; SRD ¼ relative vertical
spacing vertical spacing distance
pier width or diameter
 
.
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 The openings arrangement technique reduces the maximum
scour depth from 20% to 45%.
 The reduction of the volume of the scour hole is ranged
from 43% to 63% compared to that without openings
arrangement technique. The maximum reduction occurred
when using the circular pier and the minimum one occurred
with rectangular pier.
 The variation of the scour depth is proportional with Fro-
ude number (F).
 The impact of the openings is high as the width or the diam-
eter of the pier is large which very suitable for the large
structure across rivers.
 The opening diameter of 20%w gives the highest reduction
which is 45% of the maximum scour depth of the pier with-
out opening.
 The vertical spacing of (0.5w) and (w) gives almost the same
results for all ﬂow conditions. Therefore, the vertical spac-
ing (w) and opening diameter of 20%w are the best selection
for both the maximum reduction of the scour depth and
from economical point of view.
 Regression equations are developed for each pier shape
with the same openings arrangement technique.References
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